| INTRODUC TI ON
It is well-established that implant surface roughness is associated with increased bone-to-implant contact (BIC) and improved biomechanical stability. 1, 2 In particular, moderately rough (a < S a < 2 μm)
surfaces seem optimal for osseointegration and there is some evidence that they are associated with stronger bone responses compared to rough surfaces. 3 Sandblasting, Large-grit, Acid-etching (SLA) is 1 of the most commonly applied techniques to produce moderately rough titanium surfaces. In 2006, chemical modification of the SLA implant surface to increase surface free energy and wettability (SLActive) was introduced to enhance further the bone formation process. The rationale was that a hydrophilic surface (approximately ≤90° contact angle) with a high surface energy could enhance the interaction with cells and proteins during early wound healing, thus further promoting osteogenesis. [4] [5] [6] There is pre-clinical evidence that SLActive surfaces accelerate osteogenesis and increase BIC in comparison to SLA surfaces, 7, 8 with a concomitant higher removal torque. 9 It has also been shown that hydrophilic surfaces might counteract the negative effect of osteoporosis and diabetes mellitus on new bone formation and BIC. [10] [11] [12] However, the molecular mechanisms and signalling pathways behind the enhanced osteogenetic properties of hydrophilic surfaces are still far from being fully elucidated and the available data come mainly from in vitro studies.
Advances in the 'omics' technologies are greatly changing the research environment, with the possibility now to study simultaneously thousands of genes, mRNAs, single nucleotide polymorphisms,
proteins and the metabolites of biochemical processes, thus getting new insights into complex biological processes such as bone formation and osseointegration, with new potential important diagnostic and treatment applications.
As 'omics' technologies can generate overwhelming datasets, there is clearly an emerging need for powerful bioinformatics tools that can combine and integrate different 'omics' data and predict signalling pathway trends. Establishing robust links between gene expression, pathways and phenotypes is, in fact, critical for understanding biological processes and diseases, as well as for developing robust treatment strategies. 13 The aim of this project was to apply new advanced bioinformatics tools to analyse and combine 'omics' data from previous in vivo studies applying moderately rough hydrophilic and hydrophobic titanium surfaces to get new insights and, in the future, potentially modulate the molecular mechanisms responsible for the pro-osteogenic properties of these surfaces during the early stages of osseointegration.
| MATERIAL AND ME THODS
This project combined genomic and proteomic data from previous in vivo studies applying moderately rough hydrophobic and hydrophilic titanium surfaces. [14] [15] [16] In particular, the genomic data derive from a clinical study that involved 9 systemically healthy volunteers, which was approved by the Ethical Committee of the Canton of Berne, Switzerland. 14 The clinical procedure consisted in the bilateral placement of 18 custom-designed screw-type implants (Institut Straumann AG, Basel, Switzerland) with a diameter of 2.8 mm and a height of 4 mm, and with either a hydrophobic SLA ® or hydrophilic SLActive ® surface, into the retromolar alveolar bone. Three SLA ® and 3 SLActive ® implants were randomly removed at 4, 7 and 14 days of healing. The implants were removed with a trephine and the assistance of a guiding cylinder that allowed the sampling of ~1 mm of tissue surrounding the implant, which was stored for subsequent analysis.
Owing to ethical restrictions, it was not possible to repeat a similar human study where samples could be collected for proteomic analysis at different osseointegration healing points. Therefore, the proteomic data originate from a pre-clinical study performed in nine 6-month-old rabbits and approved by the Ethical Committee of the General Directorate for Agricultural Economy and Veterinary
Medicine of Athens, Greece. 16 As part of the experimental protocol, 2 prefabricated titanium domes (Institut Straumann AG, Basel, Switzerland) with an internal diameter of 5 mm and a height of 3 mm, 1 with a hydrophobic SLA ® and 1 with a hydrophilic SLActive ® surface, were placed in a circular groove created in the parietal bones of the animals by using a trephine burr. The dome represents both a model of guided bone regeneration and a model of osseointegration.
At 4, 7 and 14 days of healing, 3 animals were randomly sacrificed and the tissue underneath the domes was carefully collected and stored at −80° for subsequent analysis.
| Gene expression analysis
The details of the protocols followed for RNA preparation, microarray processing and gene expression analysis are reported elsewhere. 14, 15, [17] [18] [19] [20] In summary, total RNA was reverse transcribed to synthesize first-and second-strand cDNA, purified, and then in vitro complexity and interplay of cell signalling during bone formation, powerful bioinformatics tools integrating different 'omics' data and predicting signalling pathways trends should be applied by future studies.
K E Y W O R D S
bioinformatics, dental implant, genetics, proteomics transcribed to synthesize biotin-labelled cRNA. 
| Protein expression analysis
The detailed description of the protocol applied for protein extraction and identification is reported elsewhere. 16, 21 Briefly, proteins were extracted, tryptically digested and separated on 2 Thermo
Scientific columns (PepMap ® RSLC, C18, 100 Å, 3 μm bead-packed 15 cm column and 2 μm bead-packed 50 cm column) connected to a Dionex Ultimate 3000 ultra-high-performance liquid chromatography nano-pump (Thermofisher Scientific, Waltham, MA, USA).
Mass spectra were acquired on a Thermo Scientific Orbitrap Elite instrument in a data-dependent fashion using a standard top-20 method. Tandem mass spectra were acquired with 15 000 resolving power and a maximum integration time of 120 ms. Measurements were performed using m/z 445.120025 as lock mass. The raw data files were analysed with the Proteome Discoverer 1.4 software (Thermo Scientific), using the Sequest search engine and applying the Oryctolagus cuniculus Uniprot fasta database.
Pairwise comparisons of protein expression were made at the different time-points (4 vs 7 days; 7 vs 14 days; and 4 vs 14 days)
within each dome group and between the 2 different dome types.
For each healing period and dome group, we obtained a database of common proteins and a database of proteins that were present in 1 group and not in the other, which were considered as up-or downregulated, respectively.
| Bioinformatic analyses
The 
| RE SULTS
All animal and human surgeries were uneventful. As previously reported, 14, 15 in the human gene study, 2630 genes were upregulated on the SLA surface and 642 genes were upregulated on the SLActive surface at 4 days. At 7 and 14 days, 331 and 1146 genes were upregulated on the SLA surface, while 341 and 235 genes were upregulated on the SLActive surface, respectively.
The details on the number of proteins identified in the rabbit proteomic study at the different time-points have been previously described. 16 Briefly, 1190 proteins were upregulated on the SLA surface and 585 proteins were upregulated on the SLActive surface at 4 days. At 7 and 14 days, 672 and 1100 proteins were upregulated on the SLA surface, while 1295 and 814 proteins were upregulated on the SLActive surface, respectively. 
| Seven day healing period
No obvious bone-related pathway was predicted as differently activated at 7 days compared to 4 days according to the gene outputs.
Conversely, the non-canonical Wnt/Ca 2+ pathway, the p38 MAPK, bone morphogenic protein (BMP) and fibroblast growth factor (FGF) signalling pathways were predicted as inhibited at day 7 compared to day 14 ( were upregulated at day 7 compared to day 14.
In contrast with the human gene data, rabbit protein outputs clearly identified 7 days as the healing point with the highest meta- 
| Fourteen day healing period
Human gene data suggested that at 14 days the highest expression of bone formation-related pathways was reached on SLA surfaces.
As mentioned above, the non-canonical Wnt/Ca 2+ pathway, the p38 MAPK, BMP and FGF signalling pathways were upregulated at 14 days compared to 7 days of healing (or inhibited at 7 vs 14 days) (Table 1) belonging to the TGF-β/BMP signalling pathway was found at the later healing periods, important regulators of the pathway, such as SMAD1, BMP2K, TGFBI were expressed already at 4 days in the SLActive group.
| Seven day healing period
The analysis of human gene data with IPA ® software showed that important bone-related pathways, such as insulin-like growth factor (IGF)-1, adenosine monophosphate-activated protein kinase (AMPK), PI3K/AKT and VEGF were significantly activated at 7 days compared to 4 days on the SLActive surface. However, only at day 14 the canonical and non-canonical Wnt pathways and RhoA pathway were identified as upregulated (and therefore downregulated at day 7; Table 2 ).
The main biological functions expected to be increased in the 
| Fourteen day healing period
Human gene data showed that, while some pathways involved in the differentiation of osteoprogenitor cells and bone formation were already expressed at day 7, the canonical and non-canonical Wnt pathways and RhoA pathway were significantly upregulated at day 14 in comparison to day 7 and 4 ( Table 2 ).
The biological functions expected to be increased at 14 days in comparison to 4 and 7 days were associated mainly to skeletal de- and of BMP2 at 14 days compared to 4 days (Z-score = −3.433).
Protein outputs in rabbits suggested that, after reaching a peak at day 7, the bone formation process was slowing down at 14 days (reduced expression of bone-formation pathways). At day 14, a higher number of bone matrix proteins and proteins involved in extracellular matrix remodelling were expressed. Moreover, besides alkaline phosphatase, which was already expressed at day 4, key regulators of bone mineralization started to be identified at 7 days (eg, ENPP7, FGF23, ANK2) and reached the highest expression at 14 days (eg, ENPP1, ENPP6, DMPI, PHEX, ANK1, ANXA1, ANXA2, ANXA3, ANXA5, ANXA6).
| Comparison between hydrophobic (SLA) and hydrophilic (SLActive) surfaces

| Four day healing period
Based on the human gene expression data, at day 4 no bone-related signalling pathways were found to be differently expressed between SLA and SLActive surfaces.
Similarly, both KEGG and IPA ® analyses on protein data showed that, at 4 days of healing, overall the same pathways were expressed under both hydrophilic and hydrophobic titanium domes.
When focusing on pathways specifically involved with bone formation, KEGG suggested that, while a higher number of proteins belonging to PI3K-Akt, Rap1, AMPK and VEGF signalling pathways were expressed under SLA domes, the NOTCH signalling pathway was upregulated under SLActive domes. Moreover, albeit a few proteins belonging to the Wnt signalling pathway were expressed by both groups, SLA surfaces presented an upregulation of glycogen synthase kinase 3 beta, which is part of the β-catenin destruction complex, 24 and therefore inhibits the canonical Wnt pathway.
At the same time, a higher number of proteins belonging to the FOXO signalling pathway were expressed in the SLA group. This pathway attenuates Wnt signalling pathway by diverting β-catenin from T-cell factor/lymphoid enhancer factor-towards FOXOmediated transcription. 
| Seven day healing period
The human gene data clearly showed that at 7 days of healing the overall metabolic and cellular activity was downregulated in the SLA vs SLActive group. Among the pathways involved in osteoblast differentiation and proliferation, osteogenesis and angiogenesis, a significant downregulation was observed for PI3K-AKT, VEGF, FGF, AMPK, ERK/MAPK and receptor activator of nuclear factor-kappaB (RANK) signalling pathways in the SLA group. A detailed list of genes and signalling pathways differently regulated between the 2 surfaces is reported in Tables 3 and 4 . IPA ® also showed that at 7 days of healing, peroxisome proliferator-activated receptor (PPAR) signalling pathways had a tendency for being active in the SLA group (Zscore 0.816, P = 3.34E−02) (Table 4) . (Table 3 ). In addition, KEGG ® showed an increased expression of both canonical and non-canonical Wnt pathways and NOTCH pathway in the SLActive group at 7 days of healing.
While regulators of bone mineralization, such as alkaline phosphatase and osteopontin, were expressed by both groups at day 7, an additional key modulator of phosphate homeostasis and therefore of bone matrix mineralization, FGF23 was upregulated under the hydrophilic domes. Furthermore, Runx1, which is a key transcription factor in the early stages of osteoblast differentiation and in skeletal development, 26 as well as BMP2K, SMAD2 and FGFR1, which are involved in signalling pathways regulating bone growth, bone formation and mesenchymal stem cell (MSC) differentiation, [27] [28] [29] were upregulated under SLActive domes. 
| Fourteen day healing period
| D ISCUSS I ON
To the best of our knowledge, this is the first time that in vivo gene and protein expression data from different models have been correlated to understand the molecular mechanisms behind bone formation and osseointegration. The integration of different types of datasets from different species to elucidate a common biological process is an invaluable step in pathway analyses, but remains a challenging task, 13 and results need to be interpreted with caution.
Despite the obvious limitations associated to the use of different models (human osseointegration model and rabbit dome model) and different species with different bone turnover rates, 30, 31 we were able to identify common trends in the pathways regulating bone formation, which were differentially modulated by hydrophobic and hydrophilic moderately rough surfaces. These findings may be used in the future to monitor/predict the bone formation/osseointegration process, or as a starting point to manufacture new pro-osteogenic surfaces/biomaterials.
'Omics' data showed that the osteogenesis process was taking place mainly at 7 and 14 days of healing on both SLA and SLActive surfaces, while at day 4 the osseous wound was still rather immature and cell proliferation, chemotaxis of inflammatory cells and organization of the cytoplasm were the main molecular functions.
Overall, the genome and proteome data suggested subtle differences between the 2 surfaces; however, hydrophilic surfaces seemed able to enhance further the osteogenic response both at a genomic and proteomic level by differently regulating the timing of activation of several signalling pathways directly or indirectly involved in bone formation. It is important to highlight that in this project we mainly aimed at identifying trends of pathway expression and regulation, rather than focusing on the specific timing of activation/inhibition of single signalling pathways, as we know that the faster bone metabolism of rabbits compared to humans might be responsible for the earlier activation of the signalling pathways. Consequently, although the cascade of activation of bone-related pathways was similar in the 2 datasets, the protein data from rabbits showed a tendency towards an earlier expression of bone-related pathways in comparison to the human gene data. In fact, while the rabbit proteome of both SLA and SLActive groups identified 7 days as the peak of bone formation, the human gene expression analysis showed that on both surfaces most of the bone-related pathways reached the highest expression at 14 days of healing. Nevertheless, both 'omics' datasets identified 7 days as the most critical time-point accounting for the enhanced pro-osteogenesis properties of hydrophilic compared to hydrophobic surfaces (Tables 3, 4) .
TA B L E 3 (Continued)
Advances in text-mining methods, as well as more accurate orthologous relationships between the genes and proteins of different species will likely help overcome these limitations in the future and will make different datasets easier to compare. 13 This project added important information on the cascade of events taking place during bone formation, which are herein summarized.
| Haemostasis and organization of the blood clot
After an osseous wound is created, the vascular disruption is followed by the formation of a blood clot that acts as a scaffold for 
32-34
The bioinformatics analyses performed as part of this project showed that MAPK, PI3K-AKT and RhoA signalling pathways were positively expressed during the early stages of bone formation on both SLA and SLActive surfaces (Tables 1 and 2 ). However, when comparing the 2 different surfaces, both genomic and proteomic outputs suggested an upregulation of ERK/MAPK and PI3K-AKT pathways on the hydrophilic compared to the hydrophobic surfaces at day 7 (Tables 3 and 4 ). This finding is in line with previous data from Gu et al that showed that the enhanced osteogenic response of SLActive surfaces compared to SLA surfaces might be due also to an upregulation of PI3K-AKT signalling pathway. 
| Angiogenesis
Newly formed vessels are required for supplying nutrients, oxygen, growth factors and cytokines to the osseous wound. 41 Blood vessels may also play a role in determining the site of bone formation by carrying MSCs with osteoblastic differentiation potential in close association with the endothelial wall of the blood vessels. 42, 43 The close spatial/temporal relationship between angiogenesis and osteogenesis during bone formation is often referred to as 'angiogenicosteogenic coupling'. Besides VEGF, the hypoxia-signalling (HIF) pathway is known to drive and regulate angiogenesis during bone formation. 44 Moreover, among its multiple functions, Notch signalling pathway seems also to be actively involved in angiogenesis regulation. 
| Bone mineralization and bone remodelling
The mineralization of the bone matrix is a key event in maintain- Finally, we showed that at 7 days of healing the RANK signalling associated with osteoclast mediated remodelling was upregulated on the SLActive surface compared to the SLA surface ( Table 4 ).
The RANK-RANK ligand-osteoprotegerin pathway is the main coordinator of the bone remodelling process. It is thereby suggested that surface hydrophilicity might promote an earlier/enhanced coordination of the bone remodelling process, which is a necessary step for bone maturation, as it allows the resorption of the provisional woven bone and its replacement with the more mature lamellar bone.
In conclusion, by combining different 'omics' outputs, we have attempted to put together different pieces of a jigsaw puzzle to gain an overall picture of the complex process of bone formation, and understand at which level the different signalling pathways integrate with each other, and how different surfaces might modulate them. It is clear that surface hydrophilicity does not influence a single specific pathway, but rather modulates bone formation and the cross-talk of pathways at multiple levels. In particular, both 'omics' outputs seem to suggest that hydrophilic surfaces might particularly enhance bone formation by promoting angiogenesis-osteogenesis coupling and by promoting the canonical and non-canonical Wnt pathways. This is consistent with the earlier maturation and mineralization of the osseous wound on SLActive surfaces that have been reported in histological studies. 7, 8, 46 The study of both gene and protein expression during a complex biological process, such as bone regeneration/osseointegration, is not an exercise in redundancy, but rather a necessary complementary approach for the complete understanding of biological systems. 47 A major problem in the linkage between genes and phenotype is related to our still limited knowledge of the mapping between pathways and phenotypes. However, ongoing and future studies on multi-scale models are now attempting to bridge this gap and will potentially enable the integration of gene, tissue, anatomical and disease datasets within and between species. 13, 48 'Omics' technologies are undoubtedly revolutionizing the field of medical diagnostics and therapy and bone regeneration/osseointegration will clearly benefit from these high throughput tools.
The possibility of developing surfaces that can enhance the bone 
